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Modularity Means Maximum Effectiveness 
in Medium-Cost Universal Counter 

A single mainframe and a wide choice of optional timer, 
counter, and DVM modules provide better performance at 
lower cost, meet each user's needs precisely, and leave 
room for future growth. 

by James F. Horner and Bruce S. Corya 



HOW DO YOU DESIGN AN INSTRUMENT for the 
broad middle range of electronic counter appli- 
cations? How do you meet each user's needs pre- 
cisely, yet offer room for future growth? How do you 
decrease cost yet increase performance? 

The answers to these and many similar questions, we 
believe, are found in the new Model 5328A Universal 
Counter. Fig. 1 . This single instrument is the successor 
to six counters, Models 5326A/B/C and 5327A/B/C. It 
offers improved performance, lower cost, and sever- 
al new features. Its modular design makes it possible 
for a user to choose only the features he needs, yet 
leaves the door open for expansion at a later date. 

What It Is 

The 5328A is basically a power supply and 
counter mainframe that supports user-selected op- 
tions. In its standard configuration it offers a com- 
plete portfolio of universal-counter functions: 

■ Frequency — 100-MHz direct count 

■ Period — 100-ns resolution 

u Period Average — 10-MHz clock 

■ Time Interval — 100-ns single-shot resolution 

■ Time Interval Average 

■ Totalize— 100 MHz 

» Ratio— 100 MHz/10 MHz 
. Check. 

The inputs have matched |±4 ns) 100-MHz ampli- 
fiers with ac or dc coupling. ±2.5V trigger-level 
range, three-position attenuators (xi, xio, xlOO). 
1-MO input impedance, slope controls, trigger lights 
that act like logic probes, and high-speed output 
markers. 

Capabilities can be greatly expanded by selecting 
options. Two DVM options provide dc voltage mea- 
surements. One is an economy version that offers 
millivolt sensitivity. 10-Mfl single-ended inputs. 
125V range, 0.5% accuracy, and the "read trigger 



level" function. The other is a high-performance unit 
that has 10-/xV sensitivity, automatic or manual range 
control to 1000V. 10-Mfl floating inputs, switchable 
filter, 0.03% accuracy, read trigger level function, 
variable integration time, and high-speed acquisition 
(up to 300 readings per second with two-digit resolu- 
tion). For applications requiring greater frequency 
range, a 5-to-512-MHz direct-count option is avail- 
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- — ■ — Cover: Model 5328A 
Universal Counter and its 
optional input modules are 
superimposed on a back- 
ground photograph showing 
the counter's interior and the 
bus-oriented architecture 
that makes its high degree 
ot modularity possible Input 
modules available include two DVMs, two uni- 
versal timer/counter modules, and a 512-MHz 
frequency counter module 
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Fig. 1. Model 5328A Universal 
Counter and options Stanaard 
configuration, consisting of main- 
frame and universal module, pro- 
vides all standard universal 
counter functions, has trigger 
lights and output markers. Direct 
counting range is 100 MHz Op- 
tional universal module has one 
more digit of time interval resolu- 
tion and a /ittered clock for prob- 
lem-free time interval averaging 
Channel C option has a 512-MHz 
direct counting range. Digital 
voltmeter options— economy and 
high-performance — can mad 
channel A and B trigger levels as 
well as external dc voltages 
Other options are high-stability 
time base oscillator and HP inter- 
face bus module. 



able. This option offers 15-mV sensitivity across the 
band. 5012 fuse-protected input, and a ninth digit 
added to the eight-digit mainframe. For applications 
requiring a precision time base, a high-performance 
oven-stabilized time base option is available. 

For greater precision in the basic counter functions, 
there is a high-performance universal module. It 
has a 100-MHz clock for increased resolution in time 
interval and period measurements. Its functions are: 

■ Frequency — 100-MHz direct count 
n Period — 10-ns resolution 

■ Period Average — 100-MHz clock 

■ Time Interval — 10-ns single-shot resolution 

■ Time Interval Average — 100-MHz phase-jittered 
clock 

■ Totalize— 100 MHz 

= Ratio— 100 MHz/10 MHz 

■ Check— 100 MHz 

The inputs have matched ( = 2 ns) amplifiers, ac/dc 
coupling. ±2.5V trigger level range, three-position 
attenuators (xl, X2. x20). 1-Mfi or 5011 switchable 
input impedance, slope control, logic-probe trigger 
lights, channel-A high-speed marker, time-interval 
A-to-B high-speed marker, and a variable-delay fea- 
ture. 



For systems applications an HP interface bus 
(HP-IB) option is available. 



Organization 

The new counter is organized into four main oper- 
ating regions (see Fig. 2): 
a The main counter area 

■ The input options area 

■ The power supply area 
. The HP-IB area. 

Each region operates relatively independently and 
communicates to the others through an internal bus 
system (see article, page 9). 

The power supply provides regulated dc voltage 
for the other operating areas of the instrument. Its ca- 
pacity is sufficient to accommodate any combination 
of options. The main on-off switch of the instrument 
operates only the central power supply regulator: the 
main ac power line is never broken. Unregulated dc 
is constantly fed to the oven oscillator (if installed), 
eliminating the need for time-base warm-up. The fan 
gets its power from the ac power line by way of a triac, 
which is switched off by an optical isolator when the 
instrument is turned off. 
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Main Counter Area 

The main counter area contains all of the function- 
al subunits of a standard counter with the exception 
of input signal conditioning and special logic, which 
are contained in the input options section. The de- 
cade counting assembly contains eight decades of 
BCD counting logic, latches, and output multiplex- 
ing logic. The time base assembly contains eight 
counting decades, output multiplexing logic, and 
synchronizers to generate precise timing signals for 
the main gate. The oscillator section contains the 
standard room-temperature 10-MHz oscillator cir- 
cuit and the input/output logic to accept an external 
signal from the rear panel or an internal signal from 
the optional crystal oven oscillator. 

The sample rate section controls the instrument 
display cycle. Inhibit, reset, main gate, transfer and 
sample rate signals are generated in this section, as is 
the BCD digit address code for the strobed display. 
Generation of decimal point and annunciators and 
BCD data decoding are accomplished by the display 
control circuits. Data out of the decade counting as- 
sembly or the input option modules is decoded and 
displayed on the eighl-digit LED display. 

The function selector serves as the main signal 
switch of the instrument. It routes input signals 
through multiplexers to the decade counting assem- 
bly and/or the time base. At the same time, it interacts 
with the display control circuits to determine the be- 
ginning and end of the display cycle. The precision 
ECL main gate signal is created on the function selec- 
tor through interaction with the time base assembly. 
The function selector also has extensive interaction 
with the input option modules. It is the main receiver 
of the high-speed data from the modules and the orig- 
inator and receiver of module arming pulses. 

The flexibility of the 5328A comes from the ability 
of all these operating subsections to accept diverse 
data from various combinations of input option 
modules. This is accomplished through the use 
of a 4K read-only memory (ROM) as the master con- 
trol of the instrument. Located in the display con- 
trol section of the instrument, the 4K ROM accepts 
the four-bit function code and the three-bit time 
base code from the front-panel switches or the 
HP-IB remote programming board, and generates 
32 bits of output data which are transmitted through- 
out the instrument to set up each subsection for 
the particular measurement situation. Various com- 
binations of input option modules are accom- 
modated without circuit change as different ROMs 
are plugged into the instrument. This provides 
inherent obsolescence protection for the user. As 
each new input module is engineered, the main- 
frame needs only a new ROM (supplied in an up- 
date kit) to accept it. 



Input Options Area 

The input modules are the main interface between 
the instrument and the outside electronic environ- 
ment. They accept input signals and convert them in- 
to the proper form to be handled by the main counter 
circuits. 

In the universal module reside the main input am- 
plifiers and Schmitt triggers. High-speed synchro- 
nizers for complex timing measurements also reside 
in the universal module. One of the key performance 
options of the 5328A is the selection of one of the two 
universal modules. The prime difference between 
the two is the basic clock rate. In the standard unit 
the basic 10-MHz clock provides 100 ns as the funda- 
mental timing unit. In the high-performance unit, a 
phase-lock multiplier extends this rate to 100 MHz 
and a basic timing unit of 10 ns. In the time interval 
averaging function, the multiplier unit, upon com- 
mand from the ROM. phase modulates the 100-MHz 
clock with band-limited noise to prevent the syn- 
chronous lockup problems associated with this mea- 
surement.- Replacement of the standard universal mod- 
ule with the high-performance module replaces 
TTL technology with ECL technology without bur- 
dening the instrument mainframe with unnecessary 
cost. 

The middle section of the option module area pro- 
vides the instrument with extended frequency capa- 
bility. A 500 fuse-protected 512-MHz amplifier and 
Schmitt trigger feed the 512-MHz decade. Latches in 
this option strobe the ninth (least significant) digit 
from the module onto the data bus and into the dis- 
play. In functions not requiring an input from this 
module. ROM lines deactivate the output strobing 
circuitry and the ninth digit on the display goes 
blank. The ninth LED digit is loaded into the main- 
frame display board only when the channel C module 
is installed. 

The third region of the option section contains 
the inputs for the optional digital voltmeters. 
Using a voltage-to-frequency conversion technique. 1 3 
these modules provide an output suited to the fre- 
quency measuring capabilities of the mainframe. The 
low-cost unit provides the 5328A with inexpen- 
sive access to the important capability of trigger lev- 
el measurement as well as an excellent general- 
purpose single-ended voltmeter. In this unit and the 
high-performance unit, trigger level measure- 
ment is selected by means of switches located on 
the DVM panel. When the user selects either READ 
LEVEL A or READ LEVEL B. the DVM module discon- 
nects itself from the external banana input jacks, 
attaches itself to the selected trigger level voltage, 
disengages the function and time base front-panel 
switches, places the code DVM on the function 
code bus and places 0.1-s gate time (1-mV sensitiv- 
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Fig. 2. Four main operating areas are the mam counter area, the input options area, the power 
supply area, and the HP-IB area These communicate via the master instrument bus Future 
options can be accommodated easily by a change ot read-only memory iROM) 
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Mechanical Design of an 
Option-Configurable Counter 



The mechanical design of the 5328A Universal Counter was 
a Key factor m achieving the desired goals of modularity, ser- 
viceability, and low-cost producibiiity The question that had to 
be answered was. "How do we structure a package to allow the 
customer to configure his own instrument efficiently from a wide 
range of options' 5 " 

Adoption of the new HP System II instrument enclosure, with its 
structural front casting to support front panels, was the first step 
down the road to a modular universal counter with multiple front- 
panel configurations The next step was to design optional hard- 
ware printed circuit cards to plug directly into a common data 
bus on the motherboard, thus allowing any desired option mix 
The space remaining on the motherboard was dedicated to the 
counter circuits common to any set of options. Placing these cir- 
cuits on the motherboard made space available to plug the HP- 
IB option into the motherboard and out the rear panel Place- 
ment of the power supply In the rear corner of the package al- 
lowed for both heat sinking and the mechanical integrity re- 
quired for many of the heavier components Thus, the 5328A 
was divided into tour major sections — counter mainframe, 
power supply, input options, and HP-IB interface card 

By taking advantage of the mechanical strength inherent in 
the System II corporate package and the rigidity of the mother- 
board in the horizontal plane, the 5328A was designed with a 
single cross-member bracket instead of a large chassis This 
feature allows access to the entire motherboard from botn 
sides (Fig 1) The HP-IB option can be removed from the mstru- 




Flg. 1. Smgie-coss-member design allows access to both 
siaes ol motherooard 




Fig. 2. Diagnostic test cards use the display to output test 
information, often pinpointing failures to the component level 

ment for test while still electrically attached by a cable. The 
modular power supply can be completely tested before it is in- 
stalled The common motherboard circuits can be electrically 
isolated into five separate circuits Available m a kit are diag- 
nostic test cards (Fig 2) that replace the function selector 
circuits and use the instrument's display to output test infor- 
mation This allows rapid failure detection, often at the compon- 
ent level Thus the modularity of the 5328A has been used to 
achieve the desired level of serviceability 

Efforts to minimize factory cost in the 5328A were made in fab- 
ricated parts manufacture and instrument assembly The 
placement of the circuits on the motherboard eliminated the 
need for at least five printed circuit boards and their connec- 
tors By fabricating the motherboard and tne power supply 
printed circuit board on tne same blank and separating them 
later, a savings of nearly 50% was made The modular front- 
panel concept was aided by building two extrusions, one for 
the display and control section and one for the option modules 
Dedicated tooling to blank these extrusions provided signifi- 
cantly superior and lower-cost front panels than had previously 
been available because a subpanei and a dress panel were re- 
placed m each module by a single extrusion panel By loading 
components on the motherboard and using pnntea-circuit- 
mounted switches extensively, the total wiring time for the 
5328A was reduced to less than 20% of that required for any 
5326 or 5327 unit Assembly time was further reduced by de- 
creasing the fabricated parts count by the design of multiple- 
function mechanical pan's 
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ity) on the time base bus. Upon release of the READ 
LEVEL switch, the instrument returns to its pre- 
vious state. Thus the user can check his trigger lev- 
els without having to change and reset his function 
and time base settings. 

The high-performance DVM option provides the 
user with the measurement capability of a manual or 
autoranging floating DVM that has a range of 10 ftV 
to 1000V and a basic accuracy of 0.03%. For particu- 
larly noisy environments, a switchable filter may be 
engaged to increase normal mode rejection to 50 dB 
at 50 or 60 Hz. Isolation for this option is accom- 
plished through special high-speed transformers, op- 
tical isolators, and an on-board switching dc-to-dc 
power supply. Although no remote programming of 
the front-panel controls is possible, remote con- 
trolled voltage measurement is quite easy. Through 
the use of special range controls in the V-to-F con- 
verter, a conversion factor of 10 kHz/volt is main- 
tained regardless of the DVM's range. The volt- 
meter may be placed in autorange and the user simp- 
ly programs the DVM function from the HP-IB and 
any voltage from 10 /xV to 1000V is measurable. 

This technique results in a small problem. If, for ex- 
ample, the user puts 900 volts on the input terminals, 
the output frequency is 900 x 10 kHz = 9 MHz. In a 
measurement time of one second, this would provide 
a resolution of 1 part in 9 X 10 6 . far beyond the resolu- 
tion limit of the V-to-F converter. To prevent the user 
from misinterpreting his results, the module blanks 
the meaningless data, thus providing the user with a 
display that contains only accurate data. 

In the measurement of trigger levels, the high-per- 
formance DVM performs much like the low-cost ver- 
sion, with an important exception. Measurement of 
trigger levels normally requires the user to compen- 
sate mentally for the attenuation factor used in the 
universal module input attenuator. For example, if 
one volt is the trigger level voltage, x l attenuation 
yields an effective trigger level of one volt, x 10 atten- 
uation yields ten volts, and xlOO attenuation yields 
100 volts. The high-performance DVM. in combina- 
tion with the high-performance universal module, 
eliminates the need for mental multiplication, auto- 
matically reading out the effective trigger level in the 
three possible ranges of ±2,5 volts, ±5 volts and 
= 50 volts. 



IB board controls function, time base, cycle rate, arm- 
ing, and virtually all other controls in the instrument 
with the exception of the DVM and universal module 
front-panel controls. A special module program- 
ming system in the HP-IB board allows any future 
module to be programmed through the present HP-IB 
system. For a more detailed description of the capa- 
bility of the HP-IB option, see the article beginning 
on page 9. 
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many others made significant contributions to the 
project. Dexter Hartke should be credited with first 
proposing the 5328A modular concept and Ken |o- 
chim should be credited with bringing the 5328A 
through the investigation stage. Ian Band provided 
management support at critical stages in the project 
and along with Ken MacLeod was instrumental in 
product definition. Bill Kampe and Martin Neal pro- 
vided invaluable marketing support. Credit for suc- 
cessfully transferring the 5328A into production 
goes to Bob LaFollette, Rich Endo. Roy Criswell. 
Mike Freeman. Steve Balog. |im Carlson, and Terry 



Bales. Credit for service support and manuals goes to 
Richard Buchanan and the fastest pen in the West. 
Irv Simmons. — 
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Using a Modular Universal Counter 

Here's what the various features of the new Model 5328A 
Universal Counter can do for the user. 

by Alfred Langguth and William D. Jackson 



MODEL 5328A UNIVERSAL COl INTER provides 
a great deal of flexibility and measurement 
power in one instrument. New functions, new out- 
puts, better performance at lower cost, system compat- 
ibility, and modularity are among its contributions. 
It has been engineered to give the user a new confi- 
dence in his ability to make complex measurements 
of time, voltage, and frequency. 

Instrument-User Feedback 

Setting up the measurement has always been the 
most difficult aspect of using a universal counter, 
especially adjusting trigger levels and input signal 
conditioning so the input amplifiers trigger at the 
proper points on the input waveform. Even someone 
very familiar with the typical instrument had to 
check carefully to be sure that the interval measured 
by the instrument was the one he hoped to measure. 
The 5328A makes measurement setup much more 
straightforward and reliable by increasing the instru- 
ment-user feedback and making more information 
available. Three-state trigger lights, marker outputs, 
and digital readout of trigger levels all serve to in- 
crease awareness of what measurement is actually be- 
ing made. 

The trigger lights on the 5328A have three stable 
states. They blink when the input amplifiers are trig- 
gering, remain off when the input signal is below the 
adjusted trigger level setting, and remain on when 
the signal is above it. This is very similar to a logic 
probe function, with the important exception that 
the threshold voltage is adjustable over a range of 
±2.5 volts times the attenuator setting. 

This trigger light scheme allows the user to deter- 
mine the status of the input amplifiers at a glance. If 
the LED is off. he must lower the trigger level to find 
the trigger point. If the LED is on. he must raise it. If 
changing the level causes the LED to change state 



without blinking, then not enough signal is present, 
and either reducing the attenuator setting or increas- 
ing the signal amplitude is required. If the LED will 
not change state, then the dc value of the signal is 
outside the trigger level range, and the user must 
either increase the attenuation or switch toac coupling. 

The polarity of low-repetition-rate pulses can be 
determined by observing the trigger lights, Negative 
pulses cause it to blink off. while positive pulses 
cause it to blink on. 

Another useful technique is to attach a 1-Mfi 10:1 
divider probe to the input. Setting the trigger level to 
+0.14 volts makes the trigger light and probe a TTL 
logic probe, and a setting of -0.13 volts makes them 
an ECL probe. But there is an instrument behind this 
kind of probe. Unlike logic probes, these can be used 
to measure in-circuit propagation delays and rise 
times. 

The A and B markers are digital outputs generated 
by internal Schmitt triggers. Whenever the input 
signal crosses the preselected threshold voltage, 
these outputs change state. They operate over the full 
100-MHz frequency range of the input amplifiers 
and change state within twenty nanoseconds of a 
triggerable event. By displaying these markers and 
the input signal on an oscilloscope, the trigger 
points typically can be monitored to within a few 
nanoseconds and a few millivolts of their actual 
values. Problems involving false triggering now be- 
come simple to solve, as shown in Fig. 1. 

The high-performance universal module replaces 
the B marker with one labeled n A— B OUTPUT. This 
is the measured time interval. It can also be superim- 
posed upon the input signal on an oscilloscope. 

Another advantage of these markers is their useful- 
ness as a trigger source. Since the input amplifiers 
have better than 25-mV sensitivity and generate fast- 
rise-time outputs, the marker outputs can be used to 
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Fig. 1. Marker outputs show when the input amplifiers are 
triggering Trigger levels can be monitored with an oscil- 
loscope by displaying the input signal and the marker Mark- 
ers can also show false triggering, and can be used to syn- 
chronize other instruments 

synchronize oscilloscopes or other equipment when 
the input signal itself is not suitable. 

Now suppose that an integrating DVM is installed 
in the 5328A. Besides measuring externally applied 
voltages, these modules can also read and display 
the internal trigger levels for the A and B input chan- 
nels. This direct readout ability makes trigger level 
selection and adjustment very easy. 

Read LEVEL in combination with the three-state 
trigger light can also be used to measure the peak-to- 
peak voltage of signals within the common mode 
range of the input. This is done by placing the counter 
in READ LEVEL, measuring both points where the trig- 
ger light stops blinking, and taking the difference 
between these two points. 

Bus Structure Adds Power 

The modular structure of the 5328A would not be 
so useful without a flexible and complete means for 
the individual modules to communicate with the in- 
strument mainframe. For this purpose, a parallel two- 
way information bus was established between all 
modules and the mainframe(see Fig. 2. page 5). Capable 
of providing everything from power supplies to impor- 
tant gating, display, and status signals, this ninety- 
line bus allows complete two-way communication 
not only between module and mainframe, but among 
modules as well. Any module, or the HP-IB interface, 
can use the bus to take independent control of dis- 
play, function, or time base. 

This convenient means of information exchange 
and control, combined with a mainframe capable 
of accepting signals from several modules simul- 
taneously, makes the 5328A capable of making new 
measurements that were omitted from previous 
instruments because the cost of the extra circuits to 
implement them would not have been justified. This 
extra performance includes new functions, complete 
arming capability, and a very powerful yet simple to 
use HP-IB interface. 



New Functions 

Two new ratio measurements, C/A and B/A, are 
available. They offer the full bandwidth, sensitivity, 
and frequency capabilities of the A, B. and C input 
amplifiers. 

It is also possible to totalize the channel C input 
during the synchronized time interval defined by TI 
A — B. This same time interval can be used as the inte- 
gration time for the DVM, a feature that is useful for 




Three-State Trigger Lights 

The three-stale trigger lights use an ECL-to-TTL translator in a 
simple Out interesting feedback configuration When the input sig- 
nal is higher than the trigger voltage. A is an ECL low level, 
when the input is below the trigger voltage. A is an ECL high 
For quiescent signals. V, is at V BB . the ECL threshold voltage, 
and V 0u , is a TTL signal of polarity opposite that of A When A 
changes state causing V 0u , to change, C, forces V. to follow 
it and then decay exponentially toward V BB with time constant 
t = 1/RiCr For example, let A go from high to low Vow then 
goes to a TTL high, turning on the trigger light and forcing V, to 
some voltage between Vg B . and v Cu , Until V. decays to below 
the ECL high level, A will have no further effect and the trigger 
light will remain on. If A stays low, V, will reach V BE . but will 
still be higher than A and the LED will stay on If A has returned 
high, then when V, crosses the ECL high level. will switch to a 
TTL low. turning off the LED and forcing V, downwards Similar 
but opposite waveforms occur for A changing from low to high 
Hence a pulse of either polarity as short as two or three nano- 
seconds is inverted and stretched to greater than 20 milli- 
seconds, long enough for the human eye to see For signals 
whose frequency is higher than the blinking rate, the circuit 
reaches a sieady-state condition where the pulse duty cycle 
is 50% and the LED blinks at a visible rate 
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applying a scale factor to voltage measurements. 

Of course, all of the standard universal counter 
functions are offered, including Frequency A. Period 
A. Period Average A. TI A— B, TI Average A— B. Total- 
ize A, Totalize Clock. Check. Frequency C. and 
DVM. 



Arming 

In the armed mode, an input channel that is nor- 
mally not used in a particular measurement can be 
used as a trigger source to give independent control 
of the time a measurement is to begin. This mode is 
activated by setting the rear-panel NORMAL/ ARM 
switch to the arm position. 

As can be seen in Fig. 2. only two measurements 
are armed in the normal operating mode: Frequency 
A and Frequency C. All other measurements are free 
running ("armed by the sample rate"). In the armed 
mode, the measurement is generally armed by an am- 
plifier not used in the measurement. Channel B was 
chosen whenever possible. 

Another means of arming Ihe counter is the LINH 
(Low Inhibit) input on the rear panel. Grounding this 
input will inhibit arming. Fui arming any measure- 
ment that is free running, the LINH input need be 
opened only momentarily (about 1 /*s) for arming to 
occur. For measurements armed from amplifier chan- 
nels A, B. or C. LINH must be high when that channel 
is triggered for arming to occur. 



Function 


Normally Armed 

By 


1 

In Armed Mode 
Armed by Event 
in Channel 


Frequency A 


A 


B 


Period A 


Sample Rate 


B 


Period Average A 


Sample Rate 


B 


Ratio B A 


Sample Rate 


c 


Time Interval A— B 


Sample Rate 


c 


TI Average A— B 


Sample Rate 


c 


C, TI A— B 


Sample Rate 


c 


Ratio C A 


C 


B 


Frequency C 


c 


B 


DVM 


Sample Rate 


B 


Start A 


Measurement Controlled by Function Switch 


Start Clock 


Measurement Controlled by Function Switch 


DVM, TI A — B 


Sample Rate 


C 


DVM A 


Sample Rate 


B 



Fig. 2. Normally measurements are initiated ivfien the lirst 
desired signal enters the counter, or by the sample rate cir- 
cuits In the armea mode, the measurement begins only 
alter an event occurs m the arming channel 



Ramp 
Grtior.it or 



Function: 

FREQUENCY A 



Frequency 
Out 



Gate Time Period ol Ramp 
Armed Mode 



Input Voltage 



Frequency 



S >m... + 3V 

> 

d 
u 
> 

° OV 



— x- - 


Gate Time 




I 


Channel B 






/ Trigger Level 







Time 



Fig. 3. In the armed mode the counter can be used to Chech 
the output frequency ol a voltage-controlled oscillator as a 
function of its input voltage 

The counter can also be armed, and the NORMAL 
ARM switch programmed, via the HP-IB interface. 

Many interesting applications can be devised for 
the arming system. One is shown in Fig. 3. Here a 
ramp voltage is applied to a voltage-controlled os- 
cillator and to channel B of the 5328A. The VCO fre- 
quency output is applied to channel A. The counter is 
then put into FREQ A, ARM. with a gate time that is a 
small fraction of the ramp period. The trigger level 
voltage of Channel B can then be varied, and the 
counter will display the VCO output frequency as a 
function of the input voltage given by trigger level B. 

For doing armed TI measurements without a C 
channel, the LINH input is available. Placing the ARM 
NORMAL switch in NORMAL, and pulsing the LINH in- 
put high will cause the counter to arm. With channel 
C. an arming signal may be applied to channel C with 
the switch in the arm position. 

An example of a more complex armed measure- 
ment is shown in Fig. 4. Here a signal composed of 
bursts of two different frequencies is connected to 
channel A. An arming signal is put into channel B to 
trigger the counter whenever a burst of the desired 
frequency comes along, thereby causing the counter 
to measure only that frequency. The LINH input is also 
used to control the triggering, so that only selected 
arming signals in channel B will be effective. This 
can be useful for measuring frequency-shift-keyed 
signals. 

Universal Modules 

The standard universal module is capable of 
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B Arm 



RF Input 




RF Signal: (,. 1, 

B Arm: 

Detected RF 
to B Channel 
(Negative Slope Used) 

Low Inhibit (LINH) 



Main Gate 



Fig. 4. The counter can be armed by two inputs simul 
laneously to make more complex measurements Here the 
arming channel is channel B. but the uhh input must be 
high when channel B is triggered lor arming to occur 

10()-ns resolution for single-shot time intervals 
while the high-performance version multiplies the 
10-MHz mainframe oscillator up to 100 MHz and can 
therefore resolve 10 ns in single time intervals. In TI 
average, the high-performance unit introduces a ran- 
dom phase jitter into its clock to prevent lockup on in- 
tervals occurring at rates synchronous with harmon- 
ics of the instrument clock.' Since resolution in this 
mode increases as VN, where N is the number of time 
intervals averaged.' the ten-nanosecond module will 
converge to a given resolution 100 times faster than 
the standard 100-ns module. 

The input amplifiers of both universal modules 
have greater than 1 50-MHz bandwidth and 25-mV ba- 
sic sensitivity over a ±2,5-volt common mode range. 
Because ECL logic levels are nominally from -800 
mV to -1600 mV, the sensitivity and trigger level 
range in X 1 attenuation are adequate to measure prop- 
agation delays and rise times of these devices. Cau- 
tion is advisable when making such measurements, 
however. Even though both modules are fully capable 
of making repeatable average measurements with 
resolution much less than a nanosecond, the basic ab- 
solute accuracy is only specified to be within ±4 ns 
for the standard module and ±2 ns for the high-per- 
formance version. This means that each instrument 
must be individually calibrated against some stan- 
dard and its absolute measurement error subtracted 
from the displayed time interval if absolute accuracy 
better than the instrument specification is required. 
The specified accuracy is adequate for measuring 



such logic families as TTL and MOS directly. The x2 
attenuator setting of the high-performance module 
creates a ±5-volt trigger level range with 50-mV sen- 
sitivity and optimizes the amplifiers to measure 
5-volt logic families. 

In the READ LEVEL function, the high-performance 
module multiplies the actual trigger level by 1 or 2. 
depending on the attenuator setting, before it goes to 
the DVM. Thus the DVM reads the actual trigger 
point including the effects of input attenuation. A 
50f2/l-Mf2 switch is provided in the high-perfor- 
mance module to optimize impedance matching at 
the amplifier inputs: 5012 for fast signals in a 5012 en- 
vironment, 1 M12 for reduced circuit loading or use 
with oscilloscope probes. Hysteresis compensation 
for time interval measurements allows more accurate 
determination of trigger points. 2 This causes the 
amplifier to trigger typically within 5 mV of the se- 
lected trigger level. 

Delay 

Measurements with delay are also possible with 
the high-performance universal module. This fea- 
ture causes the counter to ignore unwanted signals 
that would normally trigger the input amplifiers and 
make a particular measurement impossible. When 
a non-zero delay is selected, once channel A triggers, 
it is prevented from triggering again until after the 
selected delay. Channel B is continuously disabled 
until after the delay. The delay is adjustable from 
20 ixs to 20 ms by means of a front-panel control. It 
can be measured by placing the counter in TI A— B 
and the universal module in check. 



input 



Delay 
Time 

Counted 
Normally 

Counted 
With Delay 



Input 

Delay 
Time 

Counted 
Normally 

Counted 
With Delay 



Fig. 5. High-perlormance universal module has a variable 
delay feature In time interval measurements, delay causes 
the counter to ignore stop events until the delay times out 
Delay can also be used m treoxiency. period, ratio, and totalize 
measurements to inhibit triggering on unwanted tnggerable 
events. 
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HP-IB Option Fits Simple or Sophisticated 
Systems Applications 



Mounted inside the 5328A mainframe, the optional HP-IB mod- 
ule makes the counter compatible with the HP Interface Bus 1 ! 
The counter's display reading can be read out onto the HP-IB 
and most of the front-panel and rear-panel mainframe controls 
can be programmed by commands on tne HP-IB 

Programmable controls include a" positions of the function 
and time base switches, the sample rate, and fhe normal arm 
swiich The counter can be commanded to make a single mea- 
surement or self-trigger continuously 

Programs consist of strings of alphanumeric characters 
coded according to the American Standard Code tor Informa- 
tion Interchange (ASCII) The counters repertoire includes 43 
commands, each consisting of one or two characters Trie P 
command sets up standard initial conditions and must come 
first in the ASCII string R. reset or T, reset and trigger, should 
come last Other commands can be m any order 

Data output is very flexible The counter can be programmed 
to wail until its current measurement has been read out before 
self-triggering lor another measurement, or to self-trigger with- 
out waiting Normally, data output occurs at the end of a mea- 
surement, but !he counter can be programmed to read oul the 
contents of its display anytime it is addressed, regardless of 
whether a measuiement is in progress (readout on the fly) 
Another command disables display storage, combined with 
readout on the tiy, this makes it possible to read out the current 
information in the decade counting assembly at any time, re- 
gardless of the state ot the measurement. 

Still another command disables the reset signal to the decade 
counting assembly This causes the results of a series of mea- 
surements to be added together, a useful feature for averaging 



10 CMO ?l» . "PF4G5T". ?YS' 
20 INPUT (13.«) D 
30 END 

Fig. 1. A 9B30A Calculator program to measure a frequency 
in channel A of the 5328A Counter Counter and calculator 
are interconnected oy fhe HP Interface Bus 

Simple or Sophisticated 

In most applications the counter will be told simply to take a 
reading and output the results Very little knowledge of the 
counter's repertoire is required to write this kind of program 
Fig 1 shows an example of a 9830A Calculator program to mea- 
sure a frequency in channel A In the command sequence, P 
sets up standard initial conditions (maximum sample rate, arm- 
ing off. storage on. and so on) F4 sets the function to Fre- 
quency A G5 sets the gate time multiplier at 10 s (10-Hz resolu- 
tion), and T initiates a single reading Notice that the user can 
simply ignore programming features such as storage off, dis- 
able decade reset, arming on. readout on the fly. and so on. be- 
cause the P command turns them all off 

The 5328A lends itselt to rather sophisticated applications 





HP-IB 


9820A 30A 

ii< uuioi 


5329* Counter 


< > 







Channel A Input (Arm on A) 



~~L_ 



Counter 
Gate Open 



Reset OCA 

N = I 




Yes 



Output 
01 = Counter 
Display Reading 



Calculator 
Display 
01 N 



Fig. 2. Measurement averaging using a 5328A Counter and 
a 9830A or 9820A Calculator 

when necessary As an example, consider the problem in mea- 
surement averaging shown in Fig 2 A series of measurements 
may be taken with the decade counting assembly reset disa- 
bled, causing an of the measurement values to be accumulated 
m the decade counting assembly When the desired number of 
readings have been taken, the result can be read out and divid- 
ed by the number ot readings to obtain the average Although 
each individual measurement could be read out and accumu- 
lated externally, the method shown here, using internal accumu- 
lation, can be nearly an order of magnitude taster 
References 
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Many measurements that would not otherwise be 
possible can be made using this feature. Time inter- 
vals from a start event to one of many stop events can 



be made by adjusting the delay to ignore intervening 
stop events until the correct one occurs (see Fig. 5). 
Frequency measurements of signals containing 
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noise that would normally cause extra trigger events 
can be made by setting the delay to disable the input 
during that part of the waveform where the noise nor- 
mally occurs. Contact bounce in electromechanical re- 
lays and other unwanted inputs can thus be pre- 
vented from introducing error into a measurement. 

Frequency C Module 

512-MHz direct counting capability is provided 
by the channel C module even though the mainframe 
circuitry can only count 100 MHz. In the Frequency 
C function, the gate on the mainframe counting as- 
sembly is held open and a second gate in the C mod- 
ule is enabled by the main gate bus line. A high- 
speed decade in the module is inserted into the de- 
cade counting chain without prescaling. After a mea- 
surement is completed, circuits in the module use 
display information from the bus to strobe the least 
significant digit onto the display along with the 
mainframe display (see Fig. 2. page 5). 

DVM 

The integrating DVM options interface to the main- 
frame by converting the input voltage to a frequency 
at 10 kHz/volt. In the READ LEVEL function, these mod- 
ules also use the bus lines to disable the mainframe 
function and time base and force the mainframe to 
make a DVM measurement. 

In the armed mode. DVM measurements are ini- 
tiated only when channel B triggers. This ability to 
control a measurement externally is especially use- 
ful for measuring dc levels that vary with time, such 
as in digital-to-analog converters. 

The high-performance DVM combined with the 
HP-IB interface makes remote controlled voltage 
measurements extremely simple. It has a floating in- 
put with internal optical isolators to translate its out- 
put to chassis ground so it outputs directly onto the 
module bus like any other module. The front panel 
for the DVM is not programmable, but an autoranging 
scheme has been designed with systems applications 
in mind. It automatically selects the proper attenua- 
tor range for any input signal, yet always maintains 
the same output format. As higher attenuation levels 
are chosen, the least significant digits that become 
invalid are blanked from the display. Hence, any 
voltage from iOjtfcV to 1000V is measurable. READ 
LEVEL is not programmable. 

HP-IB Module 

The HP-IB module makes the 5328A compatible 
with the Hewlett-Packard Interface Bus (see box. page 
13). The counter can serve both as a talker and a lis- 
tener. The simplest configuration consists of the 
5328A connected to an HP-IB printer, such as the 
HP 5150A. Only one cable is required. All measure- 
ments made by the counter are printed for a perma- 



nent record. 

The full power of the HP-IB interface is realized by 
including the counter in a system that has a con- 
troller, such as an HP 9830A Calculator. In such a sys- 
tem, the counter can operate in an interactive mode 
as an universal counter, timer, and DVM. 
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Synthesized Signal Generator Operation to 
2.6 GHz with Wideband Phase Modulation 



New plug-ins give the Model 8660-series Synthesized 
Signal Generators programmable operation to 2.6 GHz 
and a capability for phase modulation. 

by James A. Hall and Young Dae Kim 



INCREASING USE OF THE 2-CHz bands for long- 
haul communications and for satellite tracking 
and telemetry, coupled with the growth of navigation- 
al systems, radio astronomy and meteorology in the 
1 to 2 GHz band, has intensified the need for precision 
test instrumentation for this range of frequencies. 
At the same time there is increasing use of phase 
modulation (<2>M) in communications, telemetry, and 
navigation systems, so phase-modulated signal 
generators are needed for testing these systems. 

These needs have led to the development of new 
plug-in sections for the Hewlett-Packard 8660-series 
Synthesized Signal Generators: a l-MHz-to- 2.6-G1 Iz 



RF section, and modulation sections with the ca- 
pability for wideband phase modulation. (Fig. 1). 

First introduced in mid-1971, the 8660-series 
Synthesized Signal Generators combine the fre- 
quency resolution, stability, and programmability of 
a synthesizer with the output level calibration and 
AM/FM capability of a signal generator. ' - The new 
Model 86603A RF Section plug-in increases the fre- 
quency range, providing synthesized frequencies 
from 1 MHz to 2.6 GHz in 1-Hz steps up to 1.3 GHz. 
and 2-Hz steps up to 2.6 GHz. The output level is cali- 
brated and adjustable over a range of more than 140 
dB. from at least +7 dBm down to -136 dBm (0.5 V to 





Fig. 1. The 8660-series Synthe- 
sized Signal Generator family has 
three new plug-ms and a new 
mainframe The new RF Section 
oiug-in gives frequency coverage 
to 2 6 GHz and the other two 
plug-ms are modulation sections 
that add phase modulation ca- 
pability The new mainframe and 
plug-ms are compatible with 
previously announced plug-ms 
and mainframes (background/ 
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0.03 f*V rms). 

Phase modulation capability (cjM) is provided by 
two new modulation section plug-ins, the Models 
86634A and 86635A. operating in conjunction with 
the RF section. Model 86635A provides both FM 
and (/>M capability with maximum modulation rates 
of 1 MHz in either mode. Model 86634A is a phase- 
modulation-only plug-in that provides wideband 
modulation rates with good linearity from dc to 
10 MHz. Peak <t>M deviation of either plug-in is me- 
tered and adjustable up to ±100° for center frequen- 
cies up to 1.3 GHz. and ±200° for center frequencies 
between 1.3 and 2.0 GHz. This capability, coupled 
with the >140dB calibrated output range, makes the 
synthesized signal generators useful for testing a 
wide variety of phase-modulated systems, and for 
lab-bench applications such as examining the be- 
havior of phase-lock loops. 

The previously announced modulation sections in 
the 8660 series may also be used with the new 
2.6-GHz RF section to give AM. FM. and pulse modu- 
lation, in addition to the new phase modulation ca- 
pability. Programmability of frequency, output level 
and modulation via either BCD or the HP Interface 
Bus also makes the new 2.6-GHz capability available 
for computer or calculator controlled test systems. 

Operation to 2.6 GHz 

The 2.6-GHz frequency range is obtained in the 
new Model 86603 A RF Section with the help of a fre- 
quency doubler. A block diagram is shown in Fig. 2. 
Basic operation for output frequencies below 1300 



MHz is identical to the earlier Model 86602A 1 - 1300 
MHz RF Section: 3 two microwave signals, one that is 
varied in 100-MHz steps and one that is varied in 
1-Hz steps, are supplied by the synthesizer main- 
frame; these are heterodyned to derive a difference 
frequency that is routed through an ALC detector and 
an attenuator to become the output signal. The micro- 
wave signal that varies in 1-Hz steps has a range of 
3.95 to 4.05 GHz. and the 100-MHz-step signal ranges 
from 2.75 to 3.95 GHz. giving a maximum difference 
frequency of 1.3 GHz. 

To obtain frequencies above 1.3 GHz. the differ- 
ence frequency is routed via a relay to the frequency 
doubler. The doubler consists of a transmission-line 
balun that produces two signals 180° out of phase, bal- 
anced with respect to ground. The signals drive a full- 
wave Si hottky-diode rectifier resulting in ;i rectified 
sine wave that has a strong component at twice the 
input frequency. The input fundamental and odd 
harmonics are suppressed by the circuit's symmetry. 

The double-frequency signal is processed through 
a bandpass filter that further suppresses the input 
fundamental and the third and higher harmonics. 
The filter, however, has a wide enough passband 
(500 Mil/.) to allow wideband modulation sidebands 
to pass with minimum distortion. The filter is tuned 
to track the output frequency by a varactor under 
control of digital signals originating in the mainframe 
digital control unit (DCU). 

Following the filter, the signal is amplified by two 
identical amplifiers in cascade to bring it up to the de- 
sired level. It was possible to use inexpensive 
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Fig. 2. Block diagram ol the Model 86603A 2 6 GHz RF Secvon Microwave signals supplied by 
the mainframe give difference frequences over a range of I- 1300 MHz m 1 Hz steps The fre- 
quency doubler extends the output range to 2600 MHz 
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Fig. 3. Output level as a function ol frequency lot a typical 
Model 866034 RF Section at an output level of +3 dBm 

printed-circuit micros trip techniques for these ampli- 
fiers because they need to work only over an octave 
bandwidth and the discrete transistors used have 
more than enough gain in this frequency range. Each 
amplifier uses two HP type 35821E transistors in a 
common-emitter configuration and has appiu.\i- 
mately 12-dB gain over the 1.3-to-2.6-GHz range. 

The amplified signal goes to the output attenuator. 
It is also detected, amplified, and routed back to a 
PIN-diode modulator in the signal path of one of the 
input microwave signals to give closed-loop control 
of the output amplitude, thus compensating for the 
frequency response of the system. The output flatness 
achieved is shown in Fig. 3. 

Because the output frequency is double that de- 
rived from the microwave signals provided by the 
mainframe, a new mainframe (Model 8660C) has 
been designed using a modified digital control unit 
to give direct selection and display of the output fre- 
quency throughout the full 1-2600-MHz range. This 
mainframe operates identically to the Model 8660B 
at output frequencies below 1300 MHz. but when 
used with the Model 86603A 2.6-GHz RF Section, 
it automatically switches in the RF section's doubler 
when a frequency above 1300 MHz is selected and 
computes the two microwave frequencies needed to 
supply one-half the output frequency to the doubler. 
As far as the operator is concerned, the Model 8660C 
operates the same whether the output is below 1300 
MHz. above 1300 MHz. or when stepping, sweeping, or 
tuning through 1300 MHz. Frequency resolution 
above 1300 MHz. however, is 2 Hz rather than 1 Hz 
because of the frequency doubling. 

For use in the earlier 8660A and 8660B main- 
frames, an optional version of the 2.6-GHz RF section 
(opt 003) is available.* This version has a front-panel 
switch for inserting the doubler in the signal path 



(the switch may also be activated by remote control). 
With the doubler in. the output frequency is twice 
that indicated by the mainframe. 

Phase Modulator Operation 

Equipping an 8660-series generator for phase 
modulation requires one of the two <i>M modulation 
sections and an RF section equipped with the phase- 
modulator factory-installed option (opt 002). Either 
Model 86602B (1-1300 MHz) or Model 86603A 
(1-2600 MHz) may be supplied with this option. The 
actual phase modulation takes place in the RF sec- 
tion while the modulation section supplies the 
internally-generated modulating signals, establishes 
the modulation level for either internal or external 
signals, and meters the peak deviation. 

As was indicated in Fig. 2. the phase modulator is 
in the signal path of the 3.95-4.05 GHz microwave in- 
put signal in the RF section. The modulator is a 
four-port circulator with varactor-diode phase shifters 
at two of the ports (Fig. 4). Each diode is biased at an 
operating point that causes the diode capacitance to 

'Older mainframes aim serial numDer prefu 1349A and lower need a field update kit thai insures 
proper thermal conditions and power supply regulation to avoid possiole damage to the new RF sec 
tion Details are avaiiaole at HP field offices 



Fig. 4. Phase modulator is inserted in the path of one of the 
microwave signals in either the 86602A J 3-GHz or the 
86603A 2 6 GHz RF Sections 
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Phase Modulation 



What is Phase Modulation? 

Phase modulation (AM) is a form of angular modulation 
m which the phase of a earner wave is varied In proportion to the 
instantaneous amplitude of tne modulating signal To character- 
ize the amount of AM on a earner wave, a modulation index, m. 
is defined 

m = • i *c«a. 

where AA r « a . = peak phase deviation of the carrier In radians 
Tnere is a direct relationship between modulation index and 
the resultant earner a id sideband levels, as shown tor the ear- 
ner and first through third Sidebands m Fig A Note that with no 
phase deviation (m = 0) the earner level is unity and the side- 
band levels are zero As the deviation is increased, me earner 
level decreases and the sideband levels increase The sioe- 
bands are spaced af a frequency interval equal to the modula- 
tion frequency 




-0.2 Sideband 



-0.4 

0 12 3 4 

Modulation Index (Radians) 

Fig. A 



How is Phase Modulation Like Frequency Modulation? 

In frequency modulation (FM), a more familiar type of angular 
modulation, the frequency of a earner wave is varied in propor- 
tion to the instantaneous amplitude of the modulating signal 
Because frequency is the time derivative of phase AM ana 
FM are directly related The equivalent modulation index m, tor 
FM is 



where Af = peak frequency deviation m Hz and f„, is the modu- 
lation frequency With sinusoidal modulation, AM and FM with 
the same modulation mdex have exactly the same RF spectrum 
This is illustrated by a comparison of Figs Bi and B3 

How Does Phase Modulation Differ from Frequency 
Modulation? 

in AM the modulation index depends only on the amplitude of 
the modulating signal and is maependent of the modulation 
frequency Therefore, as the modulation frequency is varied. 
Ihe sideband levels ifl AM remain constant and only the fre- 
quency spacmg vanes This is illustrated by Figs B1 and B2 
Contrasted with this, tne modulation index in FM depends on 
both the frequency deviation, determined by modulating signal 
amplitude, and the modulating frequency For constant fre- 
quency deviation, the modulation mdex vanes inversely with 
modulation frequency This is illustrated by comparing Figs B3 
ana B4 

Looking ai this another way. the amount of frequency devia- 
;ion generated by phase modulating a earner vanes directly 
with the modulating frequency For this reason large frequency 
deviations can be generated using mgh-rale AM 

The relationship between FM and AM is important in un- 
derstanding the errors lhat can result in measurements invol- 
ving a mixture of FM and AM equipment For example wnen us- 
ing an FM signal generator to tesi a AM receiver, ihe receiver 
demodulated output drops 6 dB per ociave as the modulating 
frequency increases This must be accounted for when measur- 



be series-resonant with its own lead inductance at 4 
GHz. 

The capacitance C of the jibrupt-junction diodes 
varies approximately as 1/V'V. where V is the bias 
voltage: 

C - KfVV 

where K is a constant. Neglecting the loss in the varac- 
tor circuit, the reactance X of the series-tuned cir- 
cuit as seen by the circulator is: 

v r 1 ~ i x ^ 
X = w 0 L - — — ~ <o,,L - — 

<u 0 C Kto„ 

Therefore, for a given RF frequency <o 0 , the reac- 
tance X of the series-tuned circuit varies approxi- 
mately as the square root of the voltage that biases 
the diode. 

Again neglecting the loss in the varactor circuit, a 
voltage wave incident on the varactor circuit is re- 
flected with a phase shift <£: 

d> = -2 arctan (X'ZJ. 



where X is the varactor circuit reactance and Z„ 
is the characteristic impedance of the transmission- 
line circuit. From this it can be seen that as X varies 
from -« to +w, $ varies ±tt radians (rl80°). 

The non-reciprocal characteristic of the ferrite cir- 
culator separates the reflected wave from the wave in- 
cident on the varactor circuit. The signal applied to 
port 1 is coupled to port 2. The part reflected from 
port 2. which is phase-shifted according to the varac- 
tor reactance, is coupled to port 3. Using two circu- 
lators in series with their varactor circuits driven 
in parallel gives a theoretical phase-modulation 
range of r360 c . However, by restricting the range to 
= 100°. good modulation linearity is assured. 

The phase-modulator driver circuit uses the 
square-law response of a FET to compensate for the 
square-root relationship between the reactance X 
and the varactor voltage V. A diode-resistor circuit 
gives a non-linear attenuation that compensates for 
the arctangent relationship between the reactance X 
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mg modulation frequency response or when considering the 
FM generator's contribution to Overall harmonic distortion Al- 
so, care must be exe'osed to ensure that the maximum allowa- 
ble phase deviation ot the d>M receiver is not exceeded at low 
modulation frequencies 

When modulating with non-sinusoidai waveforms (square 
wave, triangular wave, etc.). the task of simulating <&M with an 
FM generator is more difficult This is because these more com- 
plex waveforms contain harmonic frequencies that must 
produce the proper amount of deviation with respect to the 
fundamental 

These difficulties can be overcome to some extent by pass- 
ing the modulating signal through a differentiator to give a 6 dB 
per octave rise in amplitude as the modulation frequency in- 
creases (pre-emphasis). thus maintaining a constant modula- 
tion index. The limitations of this approach are discussed m 
the mam text. 



A Second Difference 

With FM, the instantaneous carrier frequency varies directly 
with the modulating signal amplitude and the maximum and 
minimum carrier frequencies occur at the positive and negative 
peaks of a sinusoidal modulating waveform In <ftM the m- 




RaM ■ 20 kHz 100 kHz 

lnde< 1.45 1.45 

.1M; Deviation • 83 (Peak) 



and phase shift d>. 

Although the tuned varactor circuit would theo- 
retically allow optimum modulation linearity to be 
achieved at only one microwave frequency, good 
phase linearity for all the RF section's output fre- 
quencies is obtained because the input microwave 
frequency varies only £1.25% (3.95 - 4.05 GHz). 
Phase modulation distortion is typically less than 2% 
at modulation rates up to 1 MHz and typically is less 
than 5% at 10 MHz. The system can actually be driven 
through a range of ±115° with very little loss of lin- 
earity. This range is doubled to ±230° in the Model 
86603 A RF section at carrier frequencies above 1.3 
GHz where the frequency doubler is used. 

The sensitivity of the modulator varies by about 
5% as the microwave frequency varies from 3.95 to 
4.05 GHz. This is compensated for by a variable atten- 
uator that is controlled digitally by the mainframe. 

Modulator incidental AM is typically less than 10%. 
This relatively low AM and the low distortion are 



stantaneous frequency vanes as the time derivative of phase so 
the maximum and minimum earner frequencies occur at The 
zero crossings of the sinusoid where the waveform rate o< 
change is highest 

This 90* phase difference is only important when considering 
secondary effects such as now incidental AM generated In an 
FM or *M modulator affects the output RF spectrum It has little 
practical significance when using if>M to simulate FM or 
vice versa 

Why ciM 

With the many similarities that exist between <4M and FM, why 
use phase modulation' One important reason is that phase 
modulation can be applied directly to a earner signal and does 
not require modulation of the earner oscillator as in FM For this 
reason. qiM is often used in systems where a nighly stable ear- 
ner frequency is required, as m narrowband communications 
and telemetry systems in digital communications systems, 
phase shift keying (phase modulation with discrete phase 
states) is often used because a stable earner frequency at 
the source eases the problem of earner recovery at the re- 
ceiver, and m many applications it offers better spectral ef- 
ficiency (more bits per Hz of RF bandwidth) than frequency- 
shift keying (FM with discrete frequency states) 




Rat* - 20 kHz ioo kHz 

Index - 1.45 0.29 



FM; Deviation - 29 kHz (Peak) 



preserved by the use of wideband circuits following 
the modulator. 

An alternative approach to phase modulation 
would have been to use an FM modulator with the fre- 
quency response of the modulator shaped so its out- 
put would simulate phase modulation (see box). A 
problem arises, however, because the frequency 
deviation then varies as a function of the modu- 
lation frequency. At high modulation frequencies, 
very wide deviations are required, placing a practi- 
cal limit on the upper modulation frequency. At low 
modulation frequencies, very low deviations result 
and a lower limit is imposed by residual FM noise. At 
best, these two extremes encompass a frequency 
range of three or four octaves. 

No such limits exist with the phase-modulation 
scheme used in the 8660 system. A modulating fre- 
quency range of dc to 10 MHz is thus possible. 
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Applications of a Phase-Modulated 
Signal Generator 

Once a capability is made available, applications emerge. 
Here are a few that have been found for the phase-modulated 
synthesized signal generator in HP's own laboratories. 

by James A. Hall 



AS THE NUMBER OF APPLICATIONS for phase- 
lock loops (PLLs) grows, more and more en- 
gineers are faced with the need to evaluate the perfor- 
mance of these devices. FM signal generators can be 
used for this purpose but there are several advan- 
tages to using a synthesized signal generator with 
phase modulation (tf>M) capability. For example, a 
synthesizer's output is locked to a crystal reference 
that is accessible to external circuits so all the oscilla- 
tors in a complicated measurement set-up can be 
locked to a common reference. 

A phase-modulated synthesizer permits a mea- 
surement of frequency response to be swept while 
maintaining constant phase deviation. This avoids 
the excessive phase deviation at low modulation fre- 
quencies and the loss of signal-to-noise ratio at high 
frequencies that would occur with FM. For measure- 
ments of PLL transient response, phase modulation 
is a necessity. 

Fig. 1 shows a basic PLL measurement system. 
By measuring the PLL error voltage, the closed-loop 
error as a function of input phase deviation and as a 
function of slew rate can be determined. From these 
measurements, loop bandwidth and dynamic range 
can be inferred. 

Closed-loop gain can be measured by using a spec- 
trum analyzer to examine the output of the PLL s 
voltage-controlled oscillator. Closed-loop gain is 
easily determined by taking advantage of the fact 
that with rj>M the modulation index remains constant 
as the modulation frequency varies. At a modulation 
index of less than 0.5 (30° peak deviation), the first- 
order sidebands of a phase-modulated wave can be 
considered proportional to the modulation index* 
and the higher sidebands are of insignificant pro- 
portions. By noting the V'CO sideband level as a func- 
tion of modulation frequency, one has a measure of 
the PLL closed-loop response. Loop bandwidth and 
peaking can be measured readily with this technique. 

■The ratio of the f*rst sideband amplitude to earner amplitude equals appronmately one-hall the 
modulation indei 
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Fig. 1. System lor measuring a phase lock loop s closecj- 
loop gain and error 

These measurements give results in terms of mag- 
nitude only. By using a network analyzer to measure 
phase response as well as magnitude, one obtains the 
complete closed-loop transfer function. For this test, 
the output of the PLL VCO must be demodulated in a 
phase detector. 

One set-up for doing this is diagrammed in Fig. 2. 
Synthesized signal generator #2 serves as a stable lo- 
cal oscillator for the phase detector. By using a vari- 
able dc source at the phase modulator input, the out- 
put phase of the signal generator can be offset to 
operate the phase detector in the center of its linear 
range. Gain-phase measurements are then made in 
the usual way. 

At high modulation rates, the excess phase contri- 
bution of synthesized signal generator #1 must be 
considered. Typical excess phase shift of the 
86602A/86603A RF Section operated with the 
86634A or 86635A Modulation Section is shown as a 
function of frequency in Fig. 3. Note that the excess 
phase shift is a linear function of frequency and may 
therefore be considered as a constant time delay, 
equivalent to a length of lossless transmission line. 

The method of generating a local-oscillator signal 
shown in Fig. 2 is only one of several possible. With 
it, however, measurements are possible at modula- 
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Fig. 2. Measuring the closed- 
loop transfer function ol a phase 
lock loop 



(ion rates down to dc. unlike systems that use a phase- 
lock loop to recover the carrier for use as an LO signal. 
The set-up of Fig. 2 also allows measurements in sys- 
tems where the input RF frequency differs from the 
VCO frequency, for example where frequency divid- 
ers are included in the loop. 

The transient response of the PLL can be measured 
by observing the phase demodulator output with an 
oscilloscope while driving the modulation input of 
signal generator #1 with a square wave or pulse 
train. 

Phase Detector Characterization 

Phase detector circuits can be difficult to evaluate 
lor linearity and sensitivity and for changes in these 
characteristics with changes in frequency or input 
level. This is particularly true of some of the new all- 
digital phase-frequency detectors. 

One quick method of evaluating a digital phase 
detector is shown in Fig. 4. The "-s-N" block is one 
means of getting a reference frequency within the 
range of the phase detector under test. Another syn- 



thesized signal generator could be used in place of a 
frequency divider as was done in Fig. 2. 

The response of a widely-used digital phase- 
frequency detector obtained by the set-up of Fig. 4 
at two different frequencies is shown in Fig. 5. 

Digital Phase Modulation 

The fact that the phase-modulation technique 
used in the 8660 system is an analog method does not 
preclude its use as a digital phase modulator when 
evaluating various digital phase-modulation 
schemes or formats. 

Biphase modulation is obtained by driving the syn- 
thesized signal generator's modulation section with 
a square wave. If the square wave is symmetrical 
with respect to ground (no dc offset) and the modula- 
tion meter reads 90 c peak deviation, the modulation 
will be ±90°. This results in a 180° difference between 
the two phase states. 

Adding the output of two digital generators to ob- 
tain a four-level modulation signal results in a quad- 
riphase PCM signal. If phase states of 0°. 90°. 180°. 




Fig. 3. Excess phase shift of the 8660-senes modulation ™_ 
system measured between the modulation section input and 

the RF section output. Fig. 4. Set-up lor measuring phase detector characteristics 
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Measuring Modulation Linearity 



The distortion m the output o< a phase moauiator can be 
expressed In a number of ways. For the 8660 system, it is 
specified in terms of total harmonic distortion >n the demod- 
ulated output signal This is measured with a very linear wide- 
band phase demodulator 

For some applications, linearity m terms of deviation from a 
best straight line is more meaningful This can be determined by 
measuring the derivative (incremental slope) of the modulator s 
phase-vs-voitage characteristic, a technique that has been 
used for many years m testing FM communications systems ' 
The derivative of the linear part of the characteristic is a dc term, 
second-order curvature results m a slope, and so on By numer- 
ically integrating the derivative, an accurate plot of phase 
change versus voltage is obtained This method has an advan- 
tage in that a perfect demodulator is not required for the meas- 
urement 

A system for measuring the incremental slope is shown in the 
diagram Two modulating signals are applied simultaneously to 
the phase modulator under test One is a very low frequency 
signal (-01 Hz) with sufficient amplitude to give full-scale mod- 
ulation, m this case ±100° The other is a low-level, high- 
frequency tone (>50 kHz) that gives about 2° deviation This 
signal varies the input voltage by a small amount AV while the 
low-frequency signal moves the AV variation over the complete 
input range of the modulator, and hence over the modulator's 
complete characteristic. 

The modulated output of the unit under test is demodulated by 
a narrow-bandwidth phase-lock loop The VCO of the phase- 
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lock loop tracks the low-frequency phase variations quite 
closely, maintaining a very low error output This means that the 
phase detector operates at essentially the same point on its 
characteristic at all times and thus does not contribute any 
nonlmearity to the measurement 

The hign-irequeiicy tone, being outside the bandwidth of the 
phase-lock loop, appears superimposed on the error .voltage 
with an amplitude proportional to the slope of the modulator s 
phase-versus-voltage characteristic it is amplitude detected 
and then applied to the Y axis of an X-Y recorder The X axis is 
driven by the low-frequency modulating signal The resulting 
plot is a graph of modulation sensitivity versus input voltage or. 
putting it another way. the derivative of phase change versus 
input voltage 

By integrating this curve numerically, an accurate plot of 
phase change versus voltage input is derived If the dc compo- 
nent of the modulation sensitivity curve is ignored, then the 
constant-slope term m the modulation characteristic drops out 
The resulting curve is a plot of deviation from best straight line A 
plot typical of a Model 86603A RF section s modulator at 
minimum and maximum modulator carrier frequencies is shown 
above 

•B U'Quhjri * New Microwave Link Analynr witn Hinh-Frefluency Tesl Tones Hewletl- 
PKkjrd Journjl. SeplemMr 1972 



and 270 c are desired, the modulator is driven ~135°. 
This is well within the capabilities of the 8660 sys- 
tem at RF frequencies above 1.3 GHz and can typical- 
ly be obtained at lower frequencies by overdriving 
the system to ±135°. 

The capabilities of the 8660 system make it un- 
necessary to build VHF, UHF. or microwave digital 
phase modulators from scratch when evaluating digi- 
tal phase modulation schemes. The problem is re- 
duced to building the necessary baseband waveform 
generators. 
Waveform Synthesis 

In designing circuits and systems, it is often neces- 



sary to evaluate the effects of harmonic distortion on 
performance. For this, a test signal with known and 
controllable distortion is useful. This can be done 
with the set-up shown in Fig. 6. 

The two synthesized signal generators are locked 
to a common reference frequency and their outputs 
are summed in a resistive adder. By using a control- 
lable dc voltage to vary the phase of the 2f 0 generator, 
and by varying its output with the level control, a sig- 
nal is obtained that has a second harmonic variable in 
amplitude and phase. An analysis of the effect of 
second harmonic distortion on the circuit under test 
can then be made. For example, the effect of second 
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Fig. 5. Etlect ol frequency on the 
performance ol a digital phase- 
trequency detector, using the 
set-up ol Fig. 4 lor the measure- 
ment 



harmonic distortion on the RF spectrum of an PM sig- 
nal is readily made with this method. 

Microwave Frequencies 

There are many times when it would be desirable to 
use the frequency setability and modulation capabili- 
ties of the 8660 system for conducting tests at fre- 
quencies well above 2.6 GHz. These can be obtained 
by upconverting the 8660 output using a mixer with 



a microwave signal generator serving as the local os- 
cillator. 

Because the 8660 system makes available a wide 
range of high frequencies, it is possible to select 
mixer input frequencies that space undesired mixing 
products far away from the desired output fre- 
quency. The filtering problem is therefore greatly 
simplified and may even be non-existent because 
of the passband of the following circuits. 
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Fig. 6. Using two phase-locked 
signal generators to synthesize a 
signal with controllable second- 
harmonic distortion 
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